We determined the δD values of the total fatty acids of Japanese rice to test the hypothesis that there is a wide variation in the hydrogen isotopic composition (δD) of the total fatty acids of Japanese rice sourced from different growth areas in Japan and to distinguish the minor differences among these growth areas. The δD values showed a wide variation ranging from -216 (Hokkaido) to -183 (Okinawa), indicating a good correlation with the corresponding variations for ambient water (r = 0.63) and mean temperature (r = 0.84). These results suggest that the δD values for the total fatty acids can be representative of the growth environments in Japan.
Introduction
The food industry has been expanding globally, such that consumers can obtain various food products from all over the world. This circulation requires a valid traceability system to ensure the safety and high quality of food. In Japan, the Japanese Agricultural Standard (JAS) Law was introduced in 1950 to prevent food frauds such as mislabeling and adulteration. In accordance with this law, packaged polished rice is required to be labeled to indicate its cultivar, cultivation area, and year of production. However, it is extremely probable that packages are incorrectly labeled, either accidentally or intentionally. Thus, there is a need for a simple analytical method for checking the authenticity of food materials.
Recently, characterization of isotopic composition of food materials has been used to prevent illegal mislabeling and adulteration. 1 For example, adulterated honey and juice products [2] [3] [4] and the geographical origin of meat, 5, 6 dairy products, 7, 8 wine, 9 and cereal crops 10 can be traced by using natural differences in their carbon, nitrogen, and/or oxygen isotopic compositions. In our previous study, we determined the carbon and nitrogen contents (C and N contents) and the stable carbon, nitrogen, and oxygen isotopic compositions (δ 13 C, δ 15 N, and δ 18 O) of polished rice cultivated in Australia (New South Wales), Japan (12 different cultivation areas), and the USA (California) in order to discriminate the geographical origin of the rice. 11 We suggest that a comparison of the C and N contents and the δ 13 C, δ 15 N, and δ 18 O values could potentially be useful for the discrimination of the geographical origin of polished rice. Therefore, the authenticity of food material has been investigated using the characteristics of the isotopic compositions.
The isotope analysis of other elements such as hydrogen, sulfur and strontium is reported as an effective tool to distinguish the geological character of a cultivation area. Especially, the study of hydrogen isotopic compositions of organic materials has progressed in the fields of geochemistry and ecology. [12] [13] [14] [15] [16] [17] It can be a useful tool for tracing the geographical origin of the corresponding organic material because of the large isotope variation of these materials compared with other light elements such as carbon, nitrogen, and oxygen. Heavier isotopes tend to react more slowly than lighter isotopes due to their larger masses. For example, deuterium has twice the mass of hydrogen. This large difference in the relative masses of deuterium and hydrogen leads to a wide variation in δD values. 17 Moreover, the hydrogen isotopic compositions of plant tissue could reliably be correlated with climatic conditions such as temperature, relative humidity, or the amount of precipitation. [18] [19] [20] [21] [22] [23] [24] [25] Therefore, hydrogen isotope analysis has become increasingly important as a solution tool for food authenticity problems. [26] [27] [28] [29] Unfortunately, the hydrogen isotope analysis of organic materials is more complicated than it is for other light elements because the -COOH, -OH, and -NH2 functional groups can easily exchange hydrogen with ambient water vapor. [20] [21] [22] [23] [24] To develop simpler methods, we determined the hydrogen isotopic compositions of total fatty acids by using elemental analysis/isotope ratio mass spectrometry (EA/IRMS). The hydrogen isotope values of total fatty acids could be corrected by the isotopic mass balance for the added hydrogen contribution during esterification. The recent spread of EA/IRMS facilitates the rapid and routine analysis of stable isotopic compositions of organic materials. In addition, the amount of fatty acids in a plant decreases with an increase in temperature during the ripening stages. 30 Therefore, the hydrogen isotope analysis of fatty acids may be a useful tool for tracing the geographical origins of polished rice.
Experimental

Samples
In a previous study, there was no significant correlation of the isotopic compositions with their species in rice samples. 31 On the other hand, the cultivar and cultivation area of Japonica-type rice samples had significant effects on lipid and fatty acid content such as myristic, palmitoleic, stearic, oleic, linoleic, linolenic, arachidic, and icosenoic acids. 30 As a first attempt, we selected Koshihikari rice to fend off concern about the difference of δD values between rice cultivars.
We are able to collect reliable Koshihikari rice samples and ambient water for each thanks to the cooperation of the Hokkaido Prefectural Kamikawa Agricultural Experiment Station, Yaeyama Branch of the Okinawa Prefectural Agricultural Experiment Station, Japan Rice Millers Association, ZEN-NOH Pearl Rice East Japan Corp., and JA (Agricultural Cooperative Association) in providing certified samples. Thus, we collected 13 rice and 13 water samples from the following 13 locations in Japan: (a) Kamikawa (Hokkaido), (b) Syounai (Yamagata), (c) Iwafune (Niigata), (d) Sado (Niigata), (e) Yasuzuka (Niigata), (f) Uonuma (Niigata), (g) Fuchu (Tokyo), (h) Matsuzaka (Mie), (i) Azumino (Nagano), (j) Matsumoto (Nagano), (k) Matsue (Shimane), (l) Unnan (Shimane), and (m) Ishigaki (Okinawa) (Fig. 1) . All samples were obtained in the year 2007.
Meteorological data
The mean air temperature was obtained from local meteorological stations (Japan Meteorological Agency, 2008) where possible for the grain filling period of rice; in July and August 2007 in conventional cultivation regions and in June and July 2007 for peripheral regions (Okinawa prefectures). 32 
Measurement
The rice samples (10 -15 g) were individually freeze-dried and ground to a fine powder before analysis. The powdered samples were saponified with 0.5 M KOH in MeOH/H2O (95/5, w/w) by refluxing for 4.5 h and extracted with CH2Cl2/MeOH (2/1, v/v) by sonication to isolate lipids. The extracted lipids were esterified using HCl/MeOH (100 C, 1 h) to form fatty acid methyl esters (FAMEs).
The D/H isotope ratios of the total fatty acids were determined by EA/IRMS using a Finnigan Delta V (Thermo Fisher Scientific) interfaced with a FlashEA 1112 HT (Thermo Fisher Scientific). For the hydrogen isotope analysis, the extracted fatty acid fraction was weighed into a silver capsule (5 × 3 mm).
The pyrolysis was performed in a ceramic tube with glassy carbon at 1450 C under a continuous flow of He gas at 100 mL min -1 to form H2. The measured δD values of the fatty acids were corrected by the isotopic mass balance for the contribution of the hydrogen (-206 ) added during esterification.
14 The δ notation is used to describe the isotopic difference between the sample and an international standard, which was defined by the following:
where Rsam is the isotope ratio of the sample and Rstd the isotope ratio of the international standard (for hydrogen: standard mean ocean water (SMOW)). The isotope values are given per mil ( ). Hydrogen isotopic compositions can normally be measured with an analytical precision within 3 .
14 Each sample was determined by duplicate, in which analytical errors were smaller than ±3 .
Statistical analysis
Correlations between δD values (rice and ambient water) and metrological data (latitude and mean air temperature) were tested independently with Pearson's product-moment coefficient. For all tests, an α value of 0.05 was used to indicate statistical significance. All analyses were conducted using SPSS 16.0J (SPSS Inc., Tokyo, Japan).
Results and Discussion
For all of the rice samples, the δD values of the total fatty acids ranged from -216 to -183 . This variation in the δD values was wider than that of the carbon and oxygen isotopic compositions in the bulk analyses for Japanese rice, which ranged from -27.1 to -25.8 for δ 13 C and from +18.8 to +22.9 for δ 18 O. 11 This natural, large range of hydrogen isotopic compositions is caused by the fundamental chemistry of isotope fractionation. The large difference in the relative masses of deuterium and hydrogen leads to a wide variation in the δD values. 17 This wide range of values may make it possible to trace the geographical origins more accurately.
The δD values for the ambient water ranged from -87 to -14 , which had a correlation with the latitude (r = -0.65, P < 0.01) (Fig. 2) . Generally, the hydrogen isotopic composition of ambient water depends on geographical parameters such as the latitude, altitude, distance from the coast, and intensity of the precipitation caused by air temperature. [33] [34] [35] Mizota and Kusakabe reported that the δD values of groundwater from all over Japan generally decrease with an increase in latitude. 36 However, the δD values in Azumino and Matsumoto were found to be lower than those of other locations at similar latitudes and this seemed to be related to the high altitude of those regions. The hydrogen isotope ratios of precipitation became more negative with altitude. 37 Azumino and Matsumoto are located at higher atitudes than the other areas considered. Thus, the δD values of the ambient water reflect the effects of latitude and altitude.
The δD values of the total fatty acids have a good correlation with those of the ambient water utilized by the rice plant (r = 0.63, P < 0.01) (Fig. 3) , suggesting that the hydrogen in the fatty acids in polished rice is mainly derived from the ambient water. Moreover, the δD values for the total fatty acids were positively correlated with the mean air temperature during the ripening stage (r = 0.84, P < 0.01), which ranged from 19.0 C for Kamikawa to 29.5 C for Ishigaki (Fig. 4) . 31 These results suggest that the ambient water and mean air temperature are important factors in the determination of the hydrogen isotope compositions of the total fatty acids in polished rice.
The δD values for the total fatty acids could probably be used to trace the rice cultivation area within Japan (Figs. 3 and 4) . Kamikawa rice had the lowest δD value (-216 ). Kamikawa rice was collected from the most northern site of Japan that was considered in this study and it exhibited the lowest δD value for ambient water and the lowest mean air temperature. In contrast, Ishigaki rice had the highest δD value (-183 ). Ishigaki was the most southern site of Japan that was considered in this study, and it exhibited the highest δD value for ambient water and the highest mean air temperature. In Shimane prefecture, Matue and Unnan had δD values that were quite similar, suggesting that rice with very similar growth conditions will show almost the same δD values. These results suggest that the hydrogen isotopic composition of the total fatty acids for polished rice depends on the ambient water and mean air temperature.
On the other hand, the Azumino and Matsumoto rice, which were cultivated in the central part of Japan, had δD values that were relatively lower than other rice samples cultivated in areas with similar latitudes, such as Uonuma (Niigata), Yasuzuka (Niigata), and Fuchu (Tokyo) (Figs. 3 and 4) . The Azumino and Matsumoto rice were cultivated at the foothills of mountains.
The δD values for ambient water at these locations were lower than those for areas with similar latitudes (Fig. 2) . The δD values of the plants depended on D-depleted precipitation and/or snowmelt from the mountains. 38, 39 Therefore, the δD values of the Azumino and Matsumoto rice reflected the D-depleted water from the mountains. Moreover, the δD value for the total fatty acids from the Uonuma rice in Niigata prefecture. was quite different from other Niigata rice samples that were characterized by lower δD values. Uonuma rice is considered one of outstanding among premium rice in Japan and has sometimes been targeted for mislabeling. Our results suggest that Uonuma rice could be distinguished from other Niigata rice from the hydrogen isotopic composition of its total fatty acids.
Conclusions
We determined the stable hydrogen isotopic compositions (δD) of the total fatty acids of polished rice from various cultivated areas within Japan to trace their geographical origin. In this study, a wide difference in the δD values for the fatty acids was observed for the northern (-216 ) and southern (-183 ) Japanese rice samples. The oxygen and hydrogen isotopic compositions of plant tissues provide climate information. It was found that the hydrogen isotopic compositions of the total fatty acids had a wider variation than the oxygen isotopic compositions, thus providing a promising discriminating factor for determining the regional origin of Japanese rice samples. Moreover, the hydrogen isotopic compositions of the total fatty acids for polished rice were found to mainly depend on the ambient water and mean air temperature. These results suggest that hydrogen isotope analysis of the total fatty acids of rice samples can be a potentially useful tool for tracing their regional origin in Japan. Especially, Uonuma rice has relatively lower δD values for the total fatty acids than other Niigata rice. Thus, the combined use of the δ 13 C, δ 15 N, and δ 18 O values of whole rice samples and δD values for the total fatty acids extracted from rice samples would improve the accuracy of tracing their geographical origin. As future research, annual variations on the hydrogen isotopic compositions of fatty acids in rice samples are required. In addition, it is still uncertain whether or not the observed difference is generally applicable to all Koshihikari rice as well as other cultivars. However, we anticipate that hydrogen isotope analysis of the total fatty acids will become a strong tool to discriminate among the different regions of origin in Japan.
